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MINIMAL THICKNESS SYNTHETIC
ANTIFERROMAGNETIC (SAF) STRUCTURE
WITH PERPENDICULAR MAGNETIC
ANISOTROPY FOR STT-MRAM

RELATED PATENT APPLICATION

This application 1s related to U.S. Pat. No. 8,064,244 which
1s herein incorporated by reference in 1ts entirety.

TECHNICAL FIELD

The present disclosure relates to a Magnetoresistive Ran-
dom Access Memory (MRAM) that includes a magnetic tun-
nel junction (MT1J) 1n which a composite reference layer has
antiferromagnetic coupling between a layer with intrinsic
perpendicular magnetic anisotropy (PMA) and a CoFeB layer
to establish PMA 1n the latter, and composite reference layer
thickness 1s reduced to minimize the stray field (Ho) on the
free layer.

BACKGROUND

Magnetoresistive Random Access Memory (MRAM),
based on the integration of silicon CMOS with MT1J technol-
ogy, 1s a major emerging technology that 1s highly competi-
tive with existing semiconductor memories such as SRAM,
DRAM, and Flash. Similarly, spin-transier (spin torque or
STT) magnetization switching described by C. Slonczewski
in “Current driven excitation of magnetic multilayers”, .
Magn. Magn. Mater. V 159, L1-L7 (1996), has recently
stimulated considerable interest due to 1ts potential applica-
tion for spintronic devices such as STT-MRAM on a gigabit
scale.

Both MRAM and STT-MRAM have a MT1J element based

on a tunneling magneto-resistance (ITMR) el

ect wherein a
stack of layers has a configuration 1n which two ferromag-
netic layers are separated by a thin non-magnetic dielectric
layer, or based on a GMR effect where a reference layer and
free layer are separated by a metal spacer. The MTJ element
1s typically formed between a bottom electrode such as a first
conductive line and a top electrode which 1s a second con-
ductive line at locations where the top electrode crosses over
the bottom electrode. A MTJ stack of layers may have a
bottom spin valve configuration 1n which a seed layer, refer-
ence layer, a thin tunnel barrier layer, a ferromagnetic “iree”
layer, and a capping layer are sequentially formed on a bottom
clectrode. The reference layer has a fixed magnetization
direction. The free layer has a magnetic moment that 1s either
parallel or anti-parallel to the magnetic moment 1n the refer-
ence layer. The tunnel barrier layer is thin enough that a
current through 1t can be established by quantum mechanical
tunneling of conduction electrons. When a sense current 1s
passed from the top electrode to the bottom electrode 1n a
direction perpendicular to the MTJ layers, a lower resistance
1s detected when the magnetization directions of the free and
reference layers are 1n a parallel state (*“0” or P memory state)
and a higher resistance 1s noted when they are 1n an anti-
parallel state (*1” or AP memory state). In STT-MRAM, the
resistance can be switched between the two states by the
application of a current pulse of suilicient magnitude to write
the bit to the opposite state.

As the s1ze of MRAM cells decreases, the use of external
magnetic fields generated by current carrying lines to switch
the magnetic moment direction becomes problematic. One of
the keys to manufacturability of ultra-high density MR AMSs 1s
to provide a robust magnetic switching margin by eliminating,
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the half-select disturb 1ssue. Compared with conventional
MRAM, spin-transier torque or STT-MRAM has an advan-
tage 1n avoiding the half select problem and writing distur-
bance between adjacent cells. The spin-transfer effect arises
from the spin dependent electron transport properties of fer-
romagnetic-spacer-ferromagnetic multilayers. When a spin-
polarized current transverses a magnetic multilayer in a CPP
configuration, the spin angular moment of electrons incident
on a ferromagnetic layer interacts with magnetic moments of
the ferromagnetic layer near the interface between the ferro-
magnetic and non-magnetic spacer. Through this interaction,

the electrons transier a portion of their angular momentum to
the ferromagnetic layer. As a result, spin-polarized current
can switch the magnetization direction of the ferromagnetic
layer if the current density 1s sufficiently high, and 1t the
dimensions of the multilayer are small. The difference
between a STT-MRAM and a conventional MRAM is only 1n
the write operation mechanism. The read mechanism 1s the
same.

Typically, the magnetic moments of the reference layer and
free layer are 1n an in-plane direction. However, for a variety
ol reasons, 1t 1s advantageous to engineer perpendicular mag-
netic anisotropy (PMA) 1nto the aforementioned layers so
that their magnetization direction 1s perpendicular-to-plane.
The source of PMA may be intrinsic or it may be induced 1n
a ferromagnetic layer at mterfaces with an oxide layer, for
example, 1n situations where the ferromagnetic layer has a
thickness less than a threshold level. A viable PMA bit needs
to exhibit PMA 1n both free and reference layers in order to
generate tunneling magnetoresistance (ITMR). Spintronic
devices with perpendicular magnetic anisotropy have an
advantage over MRAM devices based on in-plane anisotropy
in that they can satisiy the thermal stability requirement but
also have no limit of cell aspect ratio. As a result, spin valve
structures based on PMA are capable of scaling for higher
packing density which 1s one of the key challenges for future
MRAM applications and other spintronic devices.

In a MTJ within a MRAM or STT-MRAM, a reference
layer will usually exert a stray magnetic field upon the free
layer that tends to favor either the P or AP state. The stray field
(Ho) has a form similar to a non-uniform electric “fringing”
field at the edges of a parallel plate capacitor. As depicted 1n
FIG. 1, the stray field Ho 4 from reference layer 1 impinges on
the free layer 3. Note that a dielectric spacer 2 such as a tunnel
barrier layer separates the free layer and reference layer.
When the reference layer 1 1s a composite, the net stray field
4 will be the sum of fringing fields from several similar layers
in the reference layer stack with the possible addition of a
uniform effective “interlayer” coupling field. The free layer1s
subject to random thermal agitation and the stray field Ho waill
create a disparity 1n the thermal stability of the two states,
with either the P or AP state rendered more thermally stable.
This asymmetry 1s undesirable since for a given iree layer
coercivity (Hc), Ho should be zero for optimum stability.
Generally, Ho=0 1s difficult to achieve in practice, and as a
rule, Ho<15% of Hc 1s a reasonable target 1n actual devices.

Retferring to FIG. 2, a synthetic antiferromagnetic (SAF)
structure 18 1s commonly employed as a reference layer to
reduce the magnitude of Ho that impinges on a free layer 17.
The SAF stack consists of two ferromagnetic layers labeled
AP2 11, and AP1 13 which are coupled antiferromagnetically
through an intervening non-magnetic layer 12 that1s typically
Ru. There1s a tunnel barrier layer 16 formed between the SAF
structure 18 and free layer 17.

The net stray magnetic field Ho exerted by SAF structure
18 1n a STT-MRAM bit with a 40 nm diameter 1s usually more
than 500 Oe which 1s an unacceptably high value of about the
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same magnitude as the free layer Hc. Therefore, an improved
reference layer 1s needed that generates a sufliciently small

Ho to avoid disrupting the P or AP state 1n a free layer within
the MT1.

SUMMARY OF THE INVENTION

One objective of the present disclosure 1s to provide a
synthetic antiferromagnetic (SAF) structure for a STT-
MRAM which has PMA and a Ho field substantially less than
that produced by a SAF layer with an AP2/Ru/AP1/CoFeB
configuration.

A second objective of the present disclosure 1s to provide a
SAF structure according to the first objective that may serve
as a reference layer and/or a free layer 1n a magnetic tunnel
junction (MTJ).

According to one embodiment, these objectives are
achieved in a MT1J having a bottom spin valve configuration
for spintronic device applications such as a read/write head,
or spin-transier oscillator devices for MRAM, or microwave
assisted memory recording (MAMR). The MT1J 1s comprised
of a stack of layers including a composite seed layer, a SAF
reference layer, tunnel barrier layer, free layer, and cap layer
which are sequentially formed on a substrate. The seed layer
may be TaN/Mg/NiCr, for example, and 1s critical for enhanc-
ing the (111) texture and PMA character in overlying layers.
In one aspect, the SAF reference layer has an AP2/Ru/CoFeB
configuration where the AP2 layer has intrinsic PMA and 1s
made of a laminated stack (A1/A2), where Al 1s one of Co
and CoFe or an alloy thereof, and A2 1s one of Pt, Pd, Rh, Ru,
Ir, Mg, Mo, Os, S1V, N1, N1Co, and Ni1Fe where the number of
laminates “n” 1s between 1 and 10, and preferably less than 6.
Optionally, Al 1s Fe and A2 1s V. The overall thickness of the
SAF structure 1s minimized by reducing the thickness of the
AP2 and CoFeB layers in order to reduce Ho. Furthermore, as
the number of laminates 1s decreased, coercivity (Hc)
increases. As the CoFeB thickness decreases to less than 10
Angstroms, PMA 1s induced in the CoFeB layer through
antiferromagnetic (AF) coupling with the laminated AP2
stack.

Alternatively, the laminated AP2 structure may be replaced
by a L10 ordered alloy of the form MT wherein M 1s Rh, Pd,
Pt, Ir, or an alloy thereof, and T 1s Fe, Co, Ni or alloy thereof.
Furthermore, the MT alloy may be doped with B to give a
boron content up to 40 atomic %. In yet another embodiment,
the AP2 layer may be an amorphous rare earth-transition
(RE-TM) alloy such as ThCo, TbFeCo, or GdFeCo that
exhibits PMA. A tunnel barrier comprised of MgO or another
metal oxide formed on a top surface of the SAF structure
helps to maintain PMA character within the thin CoFeB layer.
There 1s a free layer contacting a top surface of the tunnel
barrier and a cap layer as the uppermost layer 1in the MTJ
stack. Preferably, the free layer has PMA to enhance the TMR
ratio in the MT1.

In a second embodiment, a top spin valve structure 1s
provided wherein a seed layer, SAF iree layer, tunnel barrier,
reference layer, and capping layer are sequentially formed on
a substrate. The SAF free layer 1s comprised of a FL2/Ru/
CoFeB configuration where the FL.2 layer has intrinsic PMA
and contacts a top surface of the seed layer. The FL2 layer 1s
comprised of a laminated structure, a L10 alloy, or a rare earth
alloy as described previously with respect to the AP2 layer 1n
the first embodiment. The CoFeB layer 1s preferably less than
10 Angstroms thick and has a top surface that adjoins a tunnel
barrier made of MgO or the like. The reference layer has
intrinsic PMA and may be made of the same material as the
AP2 layer 1n the first embodiment. In both embodiments, the
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Ru coupling layer 1s preferably 4 or 9 Angstroms thick to
provide optimum antiferromagnetic coupling between the
FL2 (or AP2) layer and the CoFeB layer. In alternative
embodiments, the SAF free layer may be formed 1n a bottom
spin valve configuration and the SAF reference layer may be
employed in a top spin valve configuration. Moreover, both of
the SAF reference layer and SAF free layer described herein
may be combined 1n the same MTJ stack of layers.

In another embodiment, the antiferromagnetic coupling 1s
enhanced by mnserting a Co dusting layer along each of the top
and bottom surfaces of the Ru coupling layer. Thus, the SAF
structure has a stack represented by AP2/Co/Ru/Co/CoFeB
for a reference layer 1n a bottom spin valve configuration and
FL2/Co/Ru/Co/CoFeB for a free layer in a top spin valve
configuration.

In all embodiments, once all of the layers 1n the M1 stack
are laid down, a patterning and etching sequence 1s followed
to fabricate a spin valve structure that may be 1n the shape of
an oval, circle, or polygon from a top-down view.

BRIEF DESCRIPTION OF THE DRAWINGS

FIG. 1 1s a cross-sectional view of a MTJ wherein the stray
fringe field Ho from the reference layer 1s exerted on a free
layer.

FIG. 2 1s a cross-sectional view of a MTJ with a bottom
spin valve configuration wherein a reference layer has a SAF
structure represented by AP2/coupling layer/AP1.

FIG. 3 1s cross-sectional view of a MTJ with a bottom spin
valve configuration wherein the reference layer 1s a compos-
ite with a AP2/Ru/AP1/CoFeB stack and the AP1 layer is
terromagnetically coupled with the CoFeB layer.

FIG. 4 1s a cross-sectional view of a MTJ with a bottom
spin valve configuration in which the reference layer 1s a
composite with an AP2 layer having intrinsic PMA and AF
coupled to a CoFeB layer according to an embodiment of the
present disclosure.

FIG. 5 1s a cross-sectional view of a MTJ with a bottom
spin valve configuration similar to that depicted 1in FIG. 3
except a Co dusting layer 1s inserted on either side of the Ru
coupling layer according to a second embodiment of the
present disclosure.

FIG. 6 1s a cross-sectional view of a M'TJ with a top spin
valve configuration wherein a FL2 free layer with intrinsic

PMA 1s antiferromagnetically coupled to a CoFeB layer
according to a second embodiment of the present disclosure.

FIG. 7 1s a cross-sectional view of a MTJ with a bottom
spin valve configuration wherein the free layer has a SAF
structure with a CoFeB layer contacting a top surface of the
tunnel barrier layer.

FIG. 8 15 a cross-sectional view of a M'TJ with a top spin
valve configuration wherein the reference layer has a SAF
structure with a CoFeB layer contacting a top surface of the
tunnel barrier layer.

FIG. 9 15 a cross-sectional view of a MTJ with a bottom
spin valve configuration that employs both ofa SAF free layer
and SAF reference layer structure wherein both SAF struc-
tures contain Co dusting layers according to an embodiment
of the present disclosure.

FIG. 10 1s modification of the MTJ 1n FIG. 5 where an
insertion layer 1s formed between the AF coupling layer and
CoFeB layer 1n an SAF structure.

FIG. 11 1s a plot of Kerr signal as a function of applied field
for a reference layer stack made of (Co/N1), ,/Ru/CoFeB and
with various thickness for the CoFeB layer.
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FIG. 12 1s a plot of Kerr signal as a function of applied field
for a reference layer stack made of (Co/Ni), /Ru/CoFeB
wherein the number of laminates 1s varied while keeping a
constant CoFeB thickness.

FIGS. 13a, 135 are plots that show change 1n loop shift
with junction resistance for a prior art M1J and a MTJ having,
a SAF reference layer formed according to an embodiment of
the present disclosure.

DETAILED DESCRIPTION

The present disclosure 1s a SAF structure which includes a
layer with intrinsic PMA that induces PMA 1n a thin CoFeB
layer across an antiferromagnetic coupling layer {for

enhanced performance 1n spin transier oscillators including
MAMR devices, STT-IMAM devices, and 1n other spintronic
devices. When the intrinsic PMA layer 1s made of a laminated
stack (A1/A2), where Al 1s one of Co and CoFe or an alloy
thereol, and A2 1s one of Pt, Pd, Rh, Ru, Ir, Mg, Mo, S1, Os, V,
N1, N1Co, and NiFe, then Al and A2 may be switched to give
a (A2/A1l), stack providing the same advantages as the (Al/
A2) arrangement. Although only bottom spin valve or top
spin valve configurations are shown in the drawings, the
present disclosure also encompasses dual spin valves as
appreciated by those skilled in the art.

As mentioned 1n related U.S. Pat. No. 8,064,244, the mag-
netic anisotropy of a (Co/N1), laminated structure arises from
the spin-orbit interactions of the 3d and 4s electrons of Co and
N1 atoms. Such interaction causes the existence of an orbaital
moment which 1s anisotropic with respect to the crystal axes
which are in (111) alignment, and also leads to an alignment
of the spin moment with the orbital moment. In (Co/N1),
laminates and the like as represented by (A1/A2) , 1t 1s essen-
tial to have a fcc (111) super-lattice 1n order to establish PMA.
Previously, the mventors have employed a reference layer
consisting of a single laminated stack of (Co/Ni1) as
described 1n U.S. Pat. No. 8,064,244, or a synthetic antifer-
romagnetic (SAF) structure represented by AP2/Ru/AP1/
CoFeB. However, the Ho field associated with both of these
schemes 1s too high and leads to decreased thermal stability 1n
the free layer.

Referring to FIG. 3, the SAF reference layer 15 having
intrinsic PMA and with a AP2/Ru/AP1/CoFeB configuration
1s Turther described 1n that AP1 and AP2 are both bulk-PMA
multilayers made of (Co/Pd) , (Co/Pt), , (Co/N1), or the like
where n 1s the number of laminates, or an .10 alloy such as
FePt or FePd, or an amorphous rare earth-transition metal
alloy such as ThCo. A thin CoFeB dusting layer 14 1s formed
adjacent to a tunnel barrier 16 and i1s ferromagnetically
coupled to the AP1 layer. The dusting layer promotes sub-
stantially higher TMR than the AP1 layer by 1tself since the
amorphous CoFeB crystallizes to a bee structure during post-
deposition annealing thereby increasing TMR especially
when adjoining a (100) MgO tunnel barrier layer. A CoFeB
thickness 1s selected that 1s a compromise between a thick
layer for higher TMR and a thin layer that 1s below the
threshold level to establish PMA and provide high coercivity
where SAF Hc>1ree layer He. As a result, high coercivity and
PMA are provided by AP2 layer 11 and AP1 layer 13 while
the thin dusting layer 1s responsible for good electrical prop-
erties (high TMR). AP1 layer 13 and CoFeB dusting layer 14
are Terromagnetically coupled and have a magnetization 1n
the same direction that 1s perpendicular to the planes of the
layers. Without the PMA influence provided by AP1 and AP2,
the magnetic moment of the dusting layer would be in-plane
and result in zero TMR between P and AP states.
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It 1s also important that a SAF structure be “balanced”
which means the saturation magnetizationxthickness product
(Mst) ratio between the layers on either side of the Ru inter-
layer should be approximately 1.00. In SAF reference layer
15, when AP1 1s (Co/N1),,, AP2 1s (Co/Ni),, each of the Co
layers has a 2.5 Angstrom thickness, each of the N1 layers has
a 6 Angstrom thickness, and CoFeB thickness 1s 10 Ang-
stroms, then (Mst AP1+Mst CoFeB)/Mst AP2=1.00. Unfor-
tunately, the stray field Ho generated by this SAF structure 1s
over 500 Oe which 1s an unacceptably high value for STT-
MRAM bits.

We have surprisingly found that decreasing the thickness
of the SAF structure in FIG. 3 leads to a substantial reduction
in the Ho field exerted by a composite reference layer on the
free layer. Meanwhile, a significant Hc 1s maintained within
the reference layer and a balanced Mst ratio 1s achieved when
the reduction of SAF structure thickness 1s accomplished by
a combination of modifications including removal of the AP1
layer, and preferably thinning both of the AP2 layer and
CoFeB layer. As a result, PMA character 1s conveyed to the
CoFeB layer not by direct ferromagnetic coupling to the AP1
layer as in the atorementioned FIG. 3 scheme, but through
antiferromagnetic coupling with the AP2 layer.

According to one embodiment as depicted 1n FIG. 4, the
SAF structure 1s employed as a composite reference layer in
a bottom spin valve configuration wherein a MT11J 1s com-
prised of a seed layer 21, SAF reference layer 28, tunnel
barrier layer 25, free layer 26, and cap layer 27 that are
sequentially formed on a substrate 20. The substrate may be a
bottom electrode 1n a STT-MRAM device. The seed layer 21
may be a composite such Ta/M1/M2 where M1 1s a metal
having a fcc(111) or (hep) hexagonal closed packed (001)
crystal orientation such as Ru, and M2 1s Cu, 11, Pd, Pt, W, Rh,
Au, or Ag. In another preferred embodiment, the seed layer
may have a TaN/Mg/X, Ta/X, or Ta/Mg/X configuration
wherein X 1s a growth enhancement layer and 1s one of N1Cr
or NiFeCr. However, other seed layer materials are acceptable
that promote a (111) crystal orientation 1n an overlying SAF
reference layer.

A key feature of the present disclosure 1s the SAF reference
layer 28 that includes a lower AP2 (ferromagnetic) layer 22
having intrinsic PMA, a middle antiferromagnetic coupling
layer 23, and an upper CoFeB layer 24. In one aspect, the AP2

layeris a(Al1/A2), laminated stack where Al 1s one of Co and
CoFe or an alloy thereot, and A2 1s one of Pt, Pd, Rh, Ru, Ir,

Mg, Mo, Os, S1, V, N1, N1Co, and NiFe where the number of
laminates “n” 1s between 1 and 10, and preferably less than 6
to mimimize the thickness and Ho field of the SAF structure
while maintaiming high coercivity (Hc) and suificient PMA to
support PMA in the CoFeB layer 24. Each of the Al layers has
a thickness from 0.5 to 5 Angstroms, and preferably between
1.5 to 3 Angstroms. Each of the A2 layers 1n the laminated
stack has a thickness from 2 to 10 Angstroms, and preferably
between 3.5 and 8 Angstroms. Preferably, the thickness 12 of
an A2 layer 1s greater than an A1l layer thickness t1, and more
preferably, t2~2xtl 1n order to optimize the spin orbit inter-
actions between adjacent Al and A2 layers. It should be
understood that when A2 1s one of Rh, Ir, Ru, Os, Mo, or an
alloy thereof, and n 1s between 2 and 10, ferromagnetic or
antiferromagnetic coupling 1s established between neighbor-
ing Al layers in the (A1/A2), laminate. In another embodi-
ment, Al 1s Fe and A2 1s V.

In an alternative embodiment, the AP2 layer 22 may be a
[.10 ordered alloy of the form MT wherein M 1s Rh, Pd, Pt, Ir,
or an alloy thereof, and T 1s Fe, Co, Ni or alloy thereof.
Furthermore, the MT alloy may be doped with B to give a
boron content up to 40 atomic %. In yet another embodiment,
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the AP2 layer may be a rare earth-transition metal alloy such
as TbCo, TbFeCo, or GdFeCo. The antiferromagnetic cou-
pling layer 23 1s non-magnetic and preferably 1s one of Ru, Ir,
Rh, Os, Mo, V, or an alloy thereof. When Ru 1s selected as the
coupling layer, the thickness 1s preferably 4 or 9 Angstroms to
provide maximum coupling strength between the AP2 layer
22 and CoFeB layer 24.

In order to mnduce PMA character in the CoFeB layer 24
through antiferromagnetic coupling with AP2 layer 22, and
maintain the PMA throughout the device lifetime, the CoFeB
layer preferably has a thickness less than about 12 Angstroms.
Furthermore, the CoFeB layer thickness should be at least 6
Angstroms to promote a high TMR ratio m the MTJ. It 1s
believed that the tunnel barrier layer also induces a certain
degree of PMA 1n the CoFeB layer along the interface
between layers 24, 25.

In a second embodiment 1llustrated 1n FIG. 5, antiferro-
magnetic coupling between AP2 layer 22 and CoFeB layer 24
may be enhanced by further including a Co dusting layer that
adjoins both of the top and bottom surfaces of a Ru coupling
layer, for example. A Co rich alloy with a Co content above 50
atomic % may also be used as a dusting layer. Preferably, the
Co or Co alloy dusting layers 29a, 295 have a thickness from
about 2 to 10 Angstroms, and more preferably about 4 Ang-
stroms. A first Co dusting layer 29a contacts a top surface of
AP2 layer 22 and a bottom surface of the coupling layer 23. A
second Co dusting layer 295 contacts a top surface of the
coupling layer 23 and a bottom surface of the CoFeB layer 24.
In this embodiment, the combined thickness of second dust-
ing layer 296 and CoFeB layer 24 is preferably from 7 to 15
Angstroms.

The tunnel barrier layer 235 1s comprised of MgO or another
metal oxide such as AlOx, Ti0x, and ZnOx. A MgO tunnel
barrier layer may be fabricated by depositing a first Mg layer
on the CoFeB layer 24, and then performing a natural oxida-
tion (NOX) or radical oxidation (ROX) process, and finally
depositing a second Mg layer on the oxidized first Mg layer.
During a subsequent annealing process, the second Mg layer
1s oxidized to atford a substantially uniform MgO layer. Typi-
cally for STT-MRAM, a ROX process 1s preferred for tunnel
barrier formation in order to produce a relatively high resis-
tancexarea (RA) value of up to 1000 ohm-um~ or more. How-
ever, the present disclosure anticipates that a NOX method
may be used to make the tunnel barrier layer 25.

The free layer 26 may be a thin CoFeB layer wherein PMA
1s induced through an interface with the tunnel barrier layer.
Furthermore, a PMA enhancing layer such as MgO or another
metal oxide may be inserted between the free layer 26 and cap
layer 27 to further induce PMA 1n the free layer through a
second interface. In another embodiment, a material with
intrinsic PMA such as a laminated (A1/A2), stack, .10 alloy,
or RE-TM alloy described with respect to AP2 layer 22 may
be employed as the free layer. The present disclosure also
anticipates the free layer 26 may have a SAF structure repre-
sented by CoFeB/Co/Ru/Co/FL2 1n a bottom spin valve con-
figuration where F1.2 1s (A1/A2), , the Co layers adjoining the
Ru AF coupling layer enhance the AF coupling between FL.2
and CoFeB, and the CoFeB portion of the free layer contacts
a top surface of the tunnel barrier layer. In the aforementioned
SAF free layer structure, the combined thickness of CoFeB
and adjoining Co dusting layer 1s from 7 to 15 Angstroms.

Preferably, the cap layer 27 1s a material that provides good
clectrical contact with an overlying top electrode (not shown),
and getters oxygen from the free layer to improve the TMR
ratio. Examples of cap layers are Ru/Ta, Ta/Ru, and Ru/Ta
Ru, although other cap layer materials used 1n the industry
may be selected for the MT1J of the present disclosure. In an
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embodiment wherein both of the reference layer and free
layer have a SAF structure as described above, the cap layer
may be N1Cr/Ru or Ni/Ta to support PMA 1n the FL2 layer
that contacts the cap layer. Thus, the present disclosure
encompasses a MTJ stack represented by TaN/Mg/NiCr/
AP2/Co/Ru/Co/CoFeB/MgO/CoFeB/Co/Ru/Co/FL2/N1Cr/
Ru where TaN/Mg/NiCr 1s a seed layer for the SAF reference
structure and Ni1Cr/Ru 1s a cap layer on the SAF free layer
structure.

In FIG. 6, a third embodiment of the present disclosure 1s
described wherein the SAF structure previously described 1s
used as a free layer 1n a MTJ with a top spin valve configu-
ration. All of the layers are retained from FIG. 4 except for
free layer 26 which 1s now SAF free layer 32 that1s comprised
of alower FL2 (ferromagnetic) layer 31 having intrinsic PMA
and contacting a top surface of seed layer 21, a middle anti-
ferromagnetic coupling layer 23, and upper CoFeB layer 24.
In other words, seed layer 21, SAF free layer 32, tunnel
barrier 25, reference layer 22, and capping layer 27 are
sequentially formed on substrate 20. Reference layer 22 has
intrinsic PMA and 1s comprised of an (A1/A2), laminated
stack, an .10 alloy, or a RE-TM alloy as described earlier.
Likewise, FL2 layer 31 has mtrinsic PMA and 1s preferably
selected from an (A1/A2) laminated stack, an .10 alloy, or a
RE-TM alloy as described previously. The present disclosure
also anticipates that reference layer 22 with intrinsic PMA
may be replaced by a reference layer comprised of a thin
CoFeB layer from 6 to 15 Angstroms thick wherein PMA 1s
induced 1n the CoFeB layer through an interface with the
tunnel barrier layer 25.

There are multiple advantages of a free layer having a SAF
structure according to the third embodiment wherein PMA 1s
induced ina CoFeB layer through antiferromagnetic coupling
with an intrinsic PMA layer. First, the effect of stray fringing
fields (Ho) from the reference layer 1s mimimized. In addition,
the CoFeB layer 24 with PMA enables a high TMR ratio with
high thermal stability. Furthermore, the free layer maintains
high intrinsic and adjustable coercivity.

Referring to FIG. 7, the present disclosure also anticipates
an embodiment wherein the SAF free layer structure 1n FIG.
6 1s Turther comprised of a first Co dusting layer 29a formed
between FL2 layer 31 and the coupling layer 23, and a second
Co dusting layer 295 1nserted between the coupling layer 23
and CoFeB layer 24 to strengthen the antiferromagnetic cou-
pling between the FL2 layer and CoFeB layer. The modified
SAF free layer structure 36 contacts a top surface of seed
layer 21. According to one embodiment, tunnel barrier layer
235, reference layer 22, and cap layer 27 are formed 1n con-
secutive order on CoFeB layer 24. However, one skilled in the
art will appreciate that reference layer 22 may be substituted
with a SAF reference layer structure wherein a CoFeB layer,
an antiferromagnetic coupling layer, and a reference layer
with trinsic PMA are sequentially formed on the tunnel
barrier layer.

Retferring to FIG. 8, the present disclosure also encom-
passes an embodiment wherein the M'TJ has a bottom spin
valve configuration and both of the reference layer and free
layer have a SAF structure. In the exemplary embodiment, a
MTJ 1s shown wherein a seed layer 21, SAF reference layer
28, and tunnel barrier 25 are sequentially formed on a sub-
strate as 1n the first embodiment. The SAF reference layer has
a lower AP2 layer with intrinsic PMA, a middle antiferro-
magnetic coupling layer 234, and an upper CoFeB layer 24a.
In this case, a SAF free layer 38 consisting of a lower CoFeB
layer 245, middle antiferromagnetic coupling layer 235, and
FL2 layer 31 with intrinsic PMA 1s formed on a top surface of
the tunnel barrier. The uppermost layer 1in the MTJ 1s a cap
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layer that contacts a top surtace of FL2 layer 31. Layers 23a,
23b have the same thickness and properties as previously
described for antiferromagnetic coupling layer 23. CoFeB
layers 24a, 245 preferably have a thickness between 6 and 12
Angstroms such that PMA may be induced and maintained
within the CoFeB layers through antiferromagnetic coupling,
with the AP2 and FL2 layers, respectively, and 1n part through
the intertace with the tunnel barrier layer 25.

In an alternative embodiment depicted in FIG. 9 where a
first Co dusting layer 29a 1s mserted between layers 23a and
24a, and a second Co dusting layer 295 1s mserted between
layers 235 and 245, then the combined thickness of first Co

dusting layer and CoFeB layer 244 1s from 7 to 15 Angstroms.
Likewise, the combined thickness of the second Co dusting
layer and CoFeB layer 245 1s preferably between 7 and 15
Angstroms. Moreover, there may be a third Co dusting layer
29¢ between AP2 layer 22 and coupling layer 23a, and a
fourth Co dusting layer 294 between FL2 layer 31 and cou-
pling layer 245. Thus, this embodiment features a SAF free
layer structure 40 and a SAF reference layer structure 30 both
having Co dusting layers adjoiming AF coupling layers 23a,
23b.

Referring to FIG. 10, another embodiment 1s depicted

wherein the SAF structure 30 1n FIG. 5 1s modified to form
SAF structure 39 that includes a non-magnetic insertion layer
33 made of Ta, Al, Cu, Zr, H1, Nb, Mg, or Mo formed between
the dusting layer 296 and CoFeB layer 24. The insertion layer
serves as amoment dilution layer and has a thickness from 0.5
to 10 Angstroms, and preferably between 1 and 5 Angstroms.

Note that 1in all of the atorementioned embodiments, the
CoFeB layer 1n the SAF structure contacts the tunnel barrier
layer. In other words, when a SAF free layer or SAF reference
layer structure 1s formed between the substrate and tunnel
barrier, the CoFeB layer 1s the uppermost layer in the SAF
stack. However, when the SAF structure 1s formed between
the tunnel barrier and cap layer, then the CoFeB layer is below
the antiferromagnetic coupling layer and AP2 (or FL2) layer
and 1s the bottom layer in the SAF stack.

After all layers 1n the tull field MTJ stack are laid down, the
stack may be processed as deposited or may be annealed at
temperatures between 200° C. and 500° C. 1n embodiments
where Co or Co alloy dusting layers are included to enhance
AF coupling betweenthe AP2 (or FL2) layer and CoFeB layer
in one or both of a SAF reference layer structure and SAF free
layer structure. For embodiments where Co or Co alloy dust-
ing layers are omitted, the upper limit for annealing tempera-
ture 1s preferably 350° C.

EXAMPLE 1

il

To further describe the effect of AP2 layer thickness on
SAF reference layer properties with regard to the second
embodiment that has an AP2/Co/Ru/Co/CoFeB configura-
tion, a MTJ stack was fabricated with the following bottom
spin valve configuration where the number following the
layer indicates the layer thickness: TaN20/Mg7/NiCr50/
(Cu2.5/N16),,/Co4/Rud/Cod/Co,Fe,B,,10/MgO(8/
4ROX)/Co,FesB,,3/Ta20/Rus50. In this case, TaN/Mg/
NiCr 1s the seed layer and Ta/Ru serves as a cap layer. The
MgO tunnel barrier 1s made by first depositing an 8 Angstrom
thick Mg layer, followed by an ROX process, and then depos-
iting a second Mg layer that 1s 4 Angstroms thick. Ho 1s

measured to be =190 Oe and the Mst balance ratio=0.40. If the

A b

number of laminates “n”” 1n the (Co/N1), AP2 stack 1s reduced
from 10 to 6, then Ho=0 and the balance ratio=0.66. When n

1s lowered to 4, then Ho=125 Oe and the balance ratio=0.99.
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Referring to FIG. 11, the viability of a SAF reference layer
according to the second embodiment wherein the SAF refer-
ence layer has an AP2/Co/Ru/Co/CoFeB configuration 1s
demonstrated by measuring the polar Kerr signal which 1s
approximately proportional to the perpendicular component
of magnetization. The horizontal axis on the plot 1s the field
(H) that 1s applied perpendicular to the plane of the layers at
a magnitude ranging from —18000 Oe¢ to +18000 Oe. Note
that 1n all of the samples where CoFeB thickness varies from
7.5 Angstroms (curve 41) to 12.5 Angstroms (curve 42), the
Kerr signal changes sign abruptly for H=-300 Oe. At this
field, the AP1 (CoFeB) magnetization tlips over. For the
CoFeB dusting layer to be perpendicularly magnetized, 1ts
thickness must be less than a threshold value which 1n this
case 1s around 10 Angstroms. When the CoFeB thickness 1n
the SAF structure 1s <10 Angstroms, the CoFeB layer has
PMA and switches with the AP2 layer. After switching, the
magnetization (PMA) 1s constant up to the spin flop transition
field of about 5000 Oe (point 60a or 605) where the antifer-
romagnetic field coupling between the AP2 and CoFeB layers
1s overcome. For a CoFeB layer thickness >10 Angstroms, the
PMA mmparted from the AP2 layer through the Ru coupling
layer 1s not strong enough to sustain perpendicular magneti-
zation 1n the CoFeB layer. The absence of PMA 1n the thicker
CoFeB layers 1s indicated by the steady increase of the Kerr
signal due to the CoFeB layer when H>0 and the absence of
spin flopping at higher fields.

Referring to FIG. 12, a similar MT1J stack to that described
with regard to Example 1 was fabricated wherein the number
of the laminates “n” 1n the (Cu2.5/N16) layer 1s varied from
3 to 10, and the Co, Fe.B,, layer thickness 1s kept at 7.5
Angstroms. Thus, the MTJ 1n this study has a bottom spin
valve configuration represented by TaN20/Mg7/Ni1Cr30/
(Cu2.5/N16) /Cod/Rud/Cod/Co,nFes B,y 7.5/ MgO(8/
4ROX)/Co,,Fe.,B,,3/Ta20/RuS0 wherein both of the (Co/
N1), AP2 layer and CoFeB layer 1n the SAF reference layer
have PMA. Once again, a plot of Kerr signal vs. applied field
(H) 1s 1llustrated. As the number of laminates “n” decreases
from 10 to 3, the Kerr signal diminishes and SAF coercivity
(Hc) increases. The increase 1n He from 500 Oe for n=10 to
1000 Oe for n=3 1s because the Mst balance ratio for a “n”
value of 3 or 4 1s approximately 1.00. An important finding 1s
that SAF Hc 1s retained and even increased as the AP2 layer
becomes thinner. As a result, the requirement that SAF
Hc>1ree layer Hce 1s satisfied 1n this embodiment. Moreover,
we have found there 1s design latitude in terms of AP2 thick-
ness and CoFeB thickness when fabricating a SAF structure
for minimal fringing field Ho.

Referring to FIG. 134, a plot 1s provided that shows change
in loop shift as a function of junction resistance for a MTJ
previously fabricated by the mventors that has a NiCr/(Co/
N1),,/Cod/Rud/Co4/(Co/Ni)/Tal.5/CoFeB6/Cod/MgO/
CoFeB12/Ta configuration where NiCr 1s a seed layer, a 1.5
Angstrom thick Ta layer 1s inserted between the (Co/N1),,/
Co/Ru/Co/(Co/Ni), reference layer and CoFeB/Co transition
layer, MgO 1s a tunnel barrier layer, CoFeB is the free layer,
and the uppermost Ta layer 1s a cap layer. Note there 1s a
higher resistance (Rp) as the physical size of the patterned
MTJ becomes smaller. Thus, the devices 1n column 61 have a
nominal size of 480 nm while the devices 1n columns 62-66
have a nominal size o1 365 nm, 280 nm, 200 nm, 145 nm, and
110 nm, respectively. It should be understood that the actual
physical size of each device aifter the fabrication step is typi-
cally 10 to 30 nm smaller than the corresponding nominal size
due to shrinkage of features as a result of reactive 10n etching,
for example. Each data point represents one device and the
measurement 1s taken across the wafer. To obtain the loop




US 8,800,156 B2

11

shift, resistance 1s measured as a function of applied field. The
resulting curve (not shown) 1s a hysteretic loop as a function
of field and the reported loop shitt Ho 1s the field correspond-
ing to the hysteretic loop center.

Referring to FI1G. 135, a similar plot to that of the reference
in FI1G. 13a 1s shown except the MT1J 1s formed according to
an embodiment of the present disclosure. In this example, the
MTJ has a NiCr/(Co/Ni1),/Co4/Rud/Cod/Tal.5/CoFeB6/
Mg(O/CoFeB12/Ta configuration that 1s fabricated according
to an embodiment corresponding to FIG. 10. The composite
reference layer has (Co/N1), as the AP2 layer, two Co dusting,
layers, a Ru anti-ferromagnetic coupling layer, a 1.5 Ang-
strom thick Ta insertion layer, and an upper CoFeB layer 1n
the SAF structure. Each device size has a Ho value substan-
tially less than the result in FIG. 13a and demonstrates the
clfectiveness of the SAF structure of the present disclosure 1in
meeting the objective of a lower Ho value. For example, data
points 71 (FIG. 13b) corresponding to the largest nominal
device size of 480 nm are at lower Ho values than data points
61 for the same device size in FIG. 13a. Likewise, data points
76 corresponding to the smallest nominal device size of 110
nm are at lower Ho values than data points 66 for the same
device si1ze 1n FIG. 13a. Again, physical size 1s about 10 to 30
nm smaller for each device represented in the FIG. 13 data
plot. In addition to reduced Ho values at each feature size in
FIG. 135, coercivity 1n the (Co/Ni1), AP2 layer 1s increased
compared with the thicker (Co/N1),,AP2 layer in the refer-
ence sample 1 FIG. 13a.

In the exemplary embodiments, the CoFeB composition in
the SAF structure has been set at Co,,Fe,,B,,. It should be
understood that as the Fe content 1s increased to Co, Fe-B,,,
for example, the Mst contribution from the CoFeB layer will
increase for a given thickness. Furthermore, Hc and Ho will
increase as the Fe content becomes larger. On the other hand,
as B content becomes greater by replacing a Co,,Fe,,B,,
layer with a Co,,Fe. B, layer, for example, the Mst contri-
bution from the CoFeB layer will decrease, and Hc and Ho
will decrease as well. Therefore, additional flexibility in
adjusting Ho 1s realized by moditying the CoFeB composi-
tion i the SAF structure. Preferably, the Fe content in the
CoFeB layer 1s greater than 20 atomic % and the B content 1s
from 10 to 40 atomic %.

With regard to a process of forming the various spin valve
configurations of the atlorementioned embodiments, all of the
layers 1n the M1 stacks may be laid down 1n a sputter depo-
sition system. For mnstance, a MTJ stack of layers may be
formed 1n an Anelva C-7100 thin film sputtering system or the
like which typically includes three physical vapor deposition
(PVD) chambers each having 5 targets, an oxidation chamber,
and a sputter etching chamber. At least one of the PVD cham-
bers 1s capable of co-sputtering. Typically, the sputter depo-
sition process mvolves an argon sputter gas with ultra-high
vacuum and the targets are made of metal or alloys to be
deposited on a substrate. All of the CPP layers may be formed
after a single pump down of the sputter system to enhance
throughput.

As mentioned earlier, the M1 stacks may be annealed by
applying a temperature from 200° C. up to 350° C. or in the
preferred embodiments up to 500° C. for a period of 5 minutes
to 10 hours. No applied magnetic field 1s necessary during the
annealing step because PMA 1s established due to the (111)
texture 1n the composite seed layer 21 and due to the Co—Ni
(or A1-A2) spin orbital interactions in the laminated refer-
ence layer 22 or laminated FL2 free layer 31. Thereatter, a
conventional photoresist patterning and etching sequence
may be performed to fabricate the M1 stack of layers into a
plurality of 1slands (nanopillars) having a circular, elliptical,
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or rectangular shape from a top-down view. Next, an insula-
tion layer (not shown) may be deposited on the substrate 20
followed by a planarization process to make the msulation
layer coplanar with the cap layer 27 on each MTJ nanopillar.
Finally, a top electrode (not shown) may be formed on the cap
layer as appreciated by those skilled 1n the art.

While this disclosure has been particularly shown and
described with reference to, the preferred embodiment
thereot, 1t will be understood by those skilled 1n the art that
various changes 1 form and details may be made without
departing from the spirit and scope of this disclosure.

We claim:

1. A synthetic antiferromagnetic (SAF) structure, compris-

ng:

(a) an AP2 reference layer with intrinsic perpendicular
magnetic anisotropy;

(b) a CoFeB layer wherein perpendicular magnetic anisot-
ropy 1s established by antiferromagnetic coupling with
the AP2 reference layer through an antiferromagnetic
(AF) coupling layer formed between the AP2 reference
layer and CoFeB layer; and

(¢) the AF coupling layer made of a non-magnetic material

to give an AP2/AF coupling/CoFeB configuration or an
CoFeB/AF coupling/ AP2 configuration.

2. The SAF structure of claim 1 wherein the AP2 layer 1s
comprised of an (A1/A2) laminate where the lamination
number “n’ 1

n” 1s less than 6, Al 1s one of Co, CoFe, or an alloy
thereof, and A2 1s one of Pt, Pd, Rh, Ru, Ir, Mg, Mo, Os, 81, V,
N1, N1Co, and NiFe, or Al 1s Fe and A2 1s V.

3. The SAF structure of claim 1 wherein the AP2 layer 1s a
.10 ordered alloy of the form MT wherein M 1s Rh, Pd, Pt, Ir,
or an alloy thereof, and T 1s Fe, Co, Ni or alloy thereof, or the
AP2 layer 1s made of a rare earth-transition metal alloy that 1s
ThCo, TbFeCo, or GdFeCo.

4. The SAF structure of claim 1 wherein the AP2 layer 1s
comprised of a (A1/A2), laminate where n 1s the lamination
number, Al 1s one of Co, CoFe, or an alloy thereof, A2 1s one
of Rh, Ir, Ru, Os, Mo, or an alloy thereof and A2 provides
ferromagnetic or antiferromagnetic coupling between neigh-
boring Al layers.

5. The SAF structure of claim 1 wherein the CoFeB layer
has a thickness from about 6 to 12 Angstroms.

6. The SAF structure of claim 1 wherein the AF coupling
layer 1s Ru, Ir, Rh, Os, Mo, V, or an alloy thereof.

7. The SAF structure of claim 1 wherein the SAF structure
serves as a reference layer in a magnetic tunnel junction
(MTJ) and has the AP2/AF coupling/CoFeB configuration in
a bottom spin valve MTIJ, or the CoFeB/AF coupling/AP2
configuration 1n a top spin valve MT1.

8. The SAF structure of claim 1 wherein the SAF structure
1s a reference layer 1n a bottom spin valve MTJ and 1s formed
on a seed layer made of TaN/Mg/ X, Ta/X, or Ta/Mg/X where
X 1s a growth enhancement layer made of NiCr or NiFeCer.

9. The SAF structure of claim 8 wherein the MT1 1s further
comprised of a MgO tunnel barrier, free layer, and cap layer
that are sequentially formed on a top surface of the CoFeB
layer, and the MgO tunnel barrier induces additional PMA 1n
the CoFeB layer.

10. The SAF structure of claim 9 wherein the free layer has
perpendicular magnetic anisotropy.

11. The SAF structure of claim 1 further comprised of a
first Co or Co alloy dusting layer formed between the AF
coupling layer and the AP2 reference layer, and a second Co
or Co alloy dusting layer formed between the AF coupling
layer and CoFeB layer.
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12. The SAF structure of claim 11 wherein a combined
thickness of the second Co or Co alloy dusting layer and the
CoFeB layer 1s from about 7 to 15 Angstroms.

13. The SAF structure of claim 11 further comprised of a
non-magnetic isertion layer made of Ta, Al, Cu, Zr, Hf, Nb, 5
Mg, or Mo formed between the second Co or Co dusting layer
and the CoFeB layer.

14
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